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Abstract — We  are  carrying  out  a  multidisciplinary  multi- 
institutional  program  to  develop  the  scientific  and  technical  basis 
for  inertial  fusion  energy  (IFE)  based  on  laser  drivers  and  direct- 
drive  targets.  The  key  components  are  developed  as  an  integrated 
system,  linking  the  science,  technology,  and  final  application  of  a 
1000-MWe  pure-fusion  power  plant.  The  science  and  technologies 
developed  here  are  flexible  enough  to  be  applied  to  other  size  sys¬ 
tems.  The  scientific  justification  for  this  work  is  a  family  of  target 
designs  (simulations)  that  show  that  direct  drive  has  the  potential 
to  provide  the  high  gains  needed  for  a  pure-fusion  power  plant. 
Two  competing  lasers  are  under  development:  the  diode-pumped 
solid-state  laser  (DPPSL)  and  the  electron-beam-pumped  krypton 
fluoride  (KrF)  gas  laser.  This  paper  will  present  the  current  state 
of  the  art  in  the  target  designs  and  lasers,  as  well  as  the  other  IFE 
technologies  required  for  energy,  including  final  optics  (grazing 
incidence  and  dielectrics),  chambers,  and  target  fabrication,  injec¬ 
tion,  and  tracking  technologies.  All  of  these  are  applicable  to  both 
laser  systems  and  to  other  laser  IFE-based  concepts.  However,  in 
some  of  the  higher  performance  target  designs,  the  DPPSL  will 
require  more  energy  to  reach  the  same  yield  as  with  the  KrF  laser. 

Index  Terms — Fusion  power  generation,  fusion  reactors,  laser 
amplifiers,  laser  fusion,  magnetic  fields,  nanotechnology,  optical 
tracking. 

I.  Introduction 

WE  ARE  carrying  out  a  multidisciplinary  multi- 
institutional  program  to  develop  the  scientific  and 
technical  basis  for  the  direct-drive  approach  to  laser  fusion 
energy.  In  this  approach  an  array  of  lasers  directly  illumi¬ 
nates  a  cryogenic  capsule  (3-5 -mm  diameter)  containing  frozen 
deuterium-tritium  that  has  been  injected  into  a  reaction  cham¬ 
ber.  The  capsule  is  compressed  and  heated  to  fusion  ignition 
and  high  gain.  The  fusion  energy  is  absorbed  by  the  chamber 
wall  and  blanket  and  then  converted  into  electricity  and,  pos¬ 
sibly,  hydrogen.  The  process  is  repeated  at  a  repetition  rate  of 
about  5  Hz.  Some  of  the  advantages  of  this  approach  to  fusion 
energy  are  as  follows. 

1)  Direct  drive  has  the  simplest  target  physics.  The  main 
concern  is  hydrodynamic  instability,  which  appears  to 
be  resolved  with  a  combination  of  advances  in  laser 
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technology  and  target  design.  Other  issues  such  as 
laser-target  coupling  and  suppression  of  laser-plasma 
instabilities  (LPI)  can  be  and  are  being  addressed  on 
subscale  experiments. 

2)  Direct  drive  is  best  suited  for  energy  production.  It  has 
the  promise  of  power-plant-level  pure-fusion  gains  with 
relatively  modest  laser  energies:  around  1  MJ  with  con¬ 
ventional  direct  drive,  or  as  low  as  500  kJ  with  “shock 
ignition,”  as  described  in  this  paper. 

3)  Vast  physics  base:  The  scientific  underpinnings  for  laser 
fusion  are  well  established  due  to  the  work  in  the  in¬ 
ertial  confinement  fusion  (ICF)  program  carried  out  by 
the  U.S.  National  Nuclear  Security  Administration  and 
international  efforts.  Note  that  the  National  Ignition  Fa¬ 
cility  (NIF)  will  use  the  indirect-drive  approach  for  the 
first  laboratory  demonstration  of  thermonuclear  ignition. 
This  approach,  where  laser  light  is  converted  to  X-rays 
that  drive  the  target,  was  chosen  based  on  the  primary 
mission  of  the  NIF  to  study  weapon  physics.  However, 
much  of  the  underlying  physics  applies  to  the  direct-drive 
approach. 

4)  The  laser,  the  most  costly  component  (about  one-third 
of  the  cost  of  the  plant  [1]),  is  modular.  In  most  reactor 
designs,  the  laser  is  composed  of  20-60  identical  beam 
lines.  Thus,  all  the  development  can  be  done  on  one  laser 
beam  line,  which,  when  perfected,  is  then  replicated  to 
build  the  entire  laser  system.  This  lowers  development 
costs  and  risk. 

5)  Direct-drive  targets  are  the  simplest  to  manage.  They  are 
spherically  symmetric  shells  that  have  been  fabricated  in 
a  droplet  generator,  they  require  no  preferred  direction 
of  illumination,  and  they  have  no  hohlraum  debris  to 
recycle. 

6)  The  main  components  are  physically  separated  from  the 
reaction  chamber.  Thus,  they  can  be  developed  separately 
before  they  are  integrated  into  the  system.  This  also 
reduces  development  costs.  Just  as  importantly,  it  allows 
economical  upgrades. 

7)  Power-plant  studies  show  that  the  concept  is  economi¬ 
cally  attractive  [1],  [2]. 

Our  “business  model”  develops  the  key  components  for 
inertial  fusion  energy  (IFE)  as  a  coherent  integrated  system, 
simultaneously  developing  the  needed  science,  technology,  and 
engineering  and  always  linking  them  to  the  final  application 
of  an  attractive  power  plant.  We  leverage  heavily  off  the  target 
physics,  laser  development,  and  target  fabrication  technologies 
developed  in  the  ICF  program,  and  the  materials  and  reactor 
technologies  developed  in  the  magnetic  fusion  energy  (MFE) 
program. 

This  paper  describes  some  of  the  recent  progress  in  devel¬ 
oping  the  key  components.  A  description  of  earlier  progress 
is  given  in  the  literature  [3].  We  start  with  a  brief  overview  of 
the  direct-drive  target  designs  and  then  present  the  status  of  the 
two  candidate  laser  systems:  the  diode-pumped  solid-state  laser 
(DPPSL),  operating  at  the  third  harmonic  with  a  wavelength  of 
351  nm,  and  the  electron-beam-pumped  krypton  fluoride  (KrF) 
gas  laser,  operating  at  its  fundamental  wavelength  of  248  nm. 


We  follow  with  a  description  of  the  progress  made  in 
the  other  components:  final  optics  (grazing  incidence  and 
dielectric  mirrors);  target  fabrication,  injection,  and  tracking 
technologies;  and  the  development  of  the  reaction  chamber. 

II.  Target  Design 

The  scientific  justification  for  this  paper  is  a  family  of  target 
design  simulations  from  several  institutions  that  show  that 
direct  drive  has  the  potential  to  provide  the  high  gains  needed 
for  a  power  plant  based  on  pure-fusion  energy  [4] .  The  required 
gain  is  determined  by  the  typical  metric  for  an  inertial-fusion 
power  plant:  r]G  >  10,  where  ij  is  the  laser  efficiency  and  G  is 
the  target  gain.  KrF  lasers  have  a  projected  efficiency  (wall  plug 
to  light  on  the  target)  of  around  7%.  Thus,  the  target  gain  needs 
to  be  in  excess  of  140.  DPPSLs  might  be  able  to  exceed  10% 
(at  351  nm),  which  would  lower  the  gain  requirement  to  100. 
Obviously,  the  higher  the  gain  the  better,  because  it  not  only 
decreases  recirculating  power,  it  also  provides  a  cushion  in  the 
target  design  to  allow  for  real-world  asymmetries,  variations, 
etc.  The  following  three  types  of  target  designs  are  considered. 

1)  Conventional  direct-drive  designs,  with  implosion  veloc¬ 
ities  of  300  km/s.  These  are  applicable  to  both  KrF  and 
DPSSL  lasers  and  show  power-plant-class  gains  (>  140) 
at  laser  energies  around  2.4  MJ  [5],  [6]. 

2)  High-velocity  (350-400-km/s)  direct-drive  designs  that 
take  advantage  of  the  deeper  UV  of  a  KrF  laser.  Codes 
predict  gains  >  50  at  500  kJ  and  >  140  (i.e.,  needed  for 
energy)  around  1  MJ  [7] .  These  are  referred  to  as  Fusion 
Test  Facility  (FTF)  designs. 

3)  “Shock  ignition”  designs  have  the  prospect  of  requiring 
only  submegajoule  (KrF)  lasers  for  a  power  plant.  In 
shock  ignition  [8],  a  short  high-intensity  laser  pulse  ap¬ 
plied  near  peak  compression  drives  a  high-intensity  shock 
to  ignite  the  target.  Shock  ignition  requires  lower  veloc¬ 
ity  implosions  than  conventional  direct  drive  (200-250 
versus  300-400  km/s).  Shock  ignition  will  provide  simi¬ 
lar  enhancement  in  DPSSL-based  systems;  however,  the 
driver  energy  needs  to  be  higher  to  reach  equivalent  target 
yield  to  KrF. 

The  gain  curves  for  the  three  targets  are  shown  in  Fig.  1. 
Higher  performance  (gain)  is  predicted  at  lower  laser  energy 
for  a  KrF  (A  =  248  nm)  than  a  DPPSL  (A  =  351  nm).  This 
is  because  the  shorter  wavelength  of  KrF  both  maximizes  the 
coupling  efficiency  and  increases  the  threshold  of  LPIs.  The 
latter  means  that  a  KrF  target  can  be  driven  to  higher  implosion 
velocities  at  lower  laser  energies.  Alternatively,  the  KrF  target 
can  be  driven  with  higher  pressures  and  hence  have  better 
hydrostability. 

KrF  lasers  also  produce  the  smoothest  laser  beam.  A 
technique  called  induced  spatial  incoherence  (ISI)  [10],  [11] 
produces  very  high  quality  focal  profiles  (<  0.2%  spatial 
nonuniformities).  That  smoothness,  coupled  with  the  high 
bandwidth  (^3  THz),  minimizes  laser-induced  perturbations 
or  “imprinting”  on  the  target.  A  beam- smoothing  technique 
called  smoothing  by  spectral  dispersion  (SSD)  [12],  [13] 
can  effectively  be  applied  to  a  DPPSL.  While  SSD  does  not 
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Fig.  1 .  Gain  curves  from  1-D  simulations  of  various  high-performance  direct- 
drive  target  designs.  The  shaded  region  shows  sufficient  gain  for  the  pure-fusion 
power  plant.  (Triangles)  Conventional  direct  drive,  KrF,  or  DPPSL  (300-km/s 
implosion  velocity).  (Squares)  FTF  designs  for  KrF  A  —  248  nm)  and  higher 
ablation  pressure  implosion  velocity  of  350-450  km/s.  (Circles)  Shock  ignition 
targets  for  KrF:  Soft  conventional  compression  (<  300  km/s)  and  then  spike  to 
shock  heat  to  ignition.  (Dashed  lines)  Fast  ignition  scaling  [9]  for  KrF  (248  nm) 
and  DPPSL  (351  nm). 

produce  as  smooth  a  focal  profile  in  all  modes  as  ISI,  it  should 
be  adequate  for  the  conventional  high-gain  target  designs  [14]. 

The  net  effect  of  all  the  advantages  of  KrF  is  illustrated 
with  one  point  design  for  a  shock  ignition  target  [4] .  The  gains 
are  predicted  to  be  92  with  a  230-kJ  KrF  laser  and  55  with 
a  450-kJ  glass  laser.  The  predicted  fractions  of  incident  laser 
light  coupled  to  the  target  are  about  77%  for  a  KrF  laser  and 
about  55%  for  a  DPPSL.  These  calculations  assume  that  the 
laser  is  “zoomed,”  i.e.,  the  spot  size  is  decreased  to  follow  the 
imploding  pellet.  Zooming  increases  the  coupling  efficiency  by 
about  35%.  Note  that  shock  ignition  predicts  comparable  per¬ 
formance  to  fast  ignition  but  does  so  without  the  need  for  com¬ 
plex  targets  and  an  additional  more  challenging  type  of  laser. 

The  curves  in  Fig.  1  are  a  compilation  of  1-D  target  simu¬ 
lations.  Full  2-D  simulations  have  been  carried  out  for  most  of 
these  designs.  For  example,  2-D  simulations  of  shock  ignition 
targets,  which  incorporate  realistic  nonuniformities  in  the  target 
surface  or  laser,  generally  show  about  65%-80%  of  the  gain 
predicted  in  one  dimension  [4] . 

The  codes  used  to  generate  the  gain  curves  in  Fig.  1  have 
been  benchmarked  against  experiments  with  planar  target  ex¬ 
periments  that  are  within  two  to  five  times  of  the  prototypical 
laser  fluence  (2-3  kJ  in  750-/im-diameter  spot).  While  the 
hydrodynamic  stability  of  these  targets  has  been  fairly  well 
established  with  a  combination  of  simulations,  experiments, 
and  advances  in  target  design  and  laser  technologies,  one  area 
that  is  difficult  to  predict  is  the  effect  of  LPI.  Any  laser-target 
design  is  subject  to  LPI.  These  laser-driven  instabilities  occur 
in  the  ablated  plasma  surrounding  the  pellet.  LPI  can  produce 
high-energy  electrons  that  can  preheat  DT  fuel,  which  lowers 
the  final  density  and,  hence,  fusion  gain.  LPI  can  also  scatter 
the  laser  beam,  which  reduces  the  drive  efficiency.  LPI  is  less  of 
a  concern  with  shorter  wavelength  lasers  because  the  threshold 


is  higher.  The  ponderomotive  force  driving  LPI  goes  roughly  as 
I  A2,  where  /  is  the  intensity  and  A  is  the  wavelength.  Thus,  KrF 
with  its  shorter  wavelength  (248  nm)  should  be  more  resistant 
to  LPI  than  a  DPPSL  (351  nm).  The  experiments  on  the  Nike 
KrF  laser  at  the  Naval  Research  Laboratory  (NRL)  have  born 
this  out  [15]:  The  onset  of  LPI,  as  witnessed  by  the  detection  of 
hard  X-rays  and  scattered  light,  occurs  at  1.7  x  1015  W/cm2.  In 
contrast,  the  LPI  threshold  for  a  glass  laser  operating  at  351  nm 
is  typically  between  0.5  and  1.0  x  1015  W/cm2.  (It  should  also 
be  noted  that  a  glass  laser  not  only  has  a  lower  LPI  threshold  but 
also  requires  more  intensity  to  apply  the  same  ablation  pressure 
as  KrF.) 

The  KrF  intensities  required  to  achieve  the  high  implosion 
velocities  in  the  FTF  class  targets,  as  well  as  those  required 
in  the  main  drive  of  the  shock  ignition  targets,  range  from  1.0 
to  2.0  x  1015  W/cm2.  While  many  factors  are  in  play  here, 
it  appears  that  the  target  requirements  are  below  the  observed 
KrF  LPI  threshold.  Further  experiments  are  being  carried  out  to 
fully  explore  this  region.  On  the  other  hand,  the  intensity  of  the 
spike  in  the  shock  ignition  designs  is  around  2  x  1016  W/cm2 
or  well  above  the  LPI  threshold.  However,  LPI  may  not  be 
an  issue  because  the  shock  is  applied  late  in  time.  The  core 
is  already  compressed,  so  preheat  is  not  an  issue.  Moreover, 
simulations  suggest  that  these  “late”  hot  electrons,  if  they  have 
energies  below  100  keV,  will  be  stopped  by  the  outer  surface  of 
the  dense  compressed  core  and  may  result  in  a  more  efficient 
heating  mechanism  [8]. 

III.  Lasers 

Both  KrF  and  DPPSL  have  the  potential  to  be  viable  can¬ 
didates  for  a  fusion  energy  system.  KrF  laser  development  is 
carried  out  primarily  with  the  Electra  laser  at  NRL,  whereas 
DPPSL  development  has  been  carried  out  with  the  Mercury 
laser  at  LLNL.  Both  are  developing  technologies  that  are 
scalable  to  power-plant- size  systems.  Both  have  the  potential 
to  meet  the  fusion  energy  requirements  for  cost,  although  a 
high-confidence  estimate  of  the  cost  cannot  be  made  until  the 
technology  is  fully  developed.  KrF  is  a  gas  laser  that  is  pumped 
with  high-voltage  high-current  electron  beams  (500-800  keV 
and  100-500  kA).  DPPSLs  are  solid-state  lasers  that  are 
pumped  with  an  array  of  high-efficiency  (>  60%)  high-power 
(>  100-W)  diodes.  The  medium  is  Yb:S-FAP,  but  other  media, 
including  the  NIF  choice  of  Ndiglass,  are  under  consideration. 
The  fundamental  wavelength  is  105 1  nm,  but  they  can  be  tripled 
to  351  nm  with  70%  efficiency. 

The  Electra  KrF  laser  runs  at  2.5-5  Hz  and  produces  between 
300  and  700  J  in  an  oscillator  mode.  Based  on  development  of 
the  individual  components,  a  fusion-energy-class  KrF  laser  is 
predicted  to  have  a  wall  plug  to  laser  light  on  target  efficiency 
in  excess  of  7%.  Recent  advances  have  dramatically  increased 
the  lifetime  of  the  thin  foil  that  separates  the  electron-beam 
diode  from  the  laser  gas.  Eliminating  voltage  reversals  after  the 
main  power  pulse  prevents  localized  high-current  emission  that 
can  melt  pinholes  into  the  foil.  Electra  has  run  90  000  shots 
continuously  at  2.5  Hz  (10  h)  and  50000  shots  in  two  runs  at 
5  Hz.  Over  320000  laser  shots  were  taken  in  an  eight-day 
period.  The  continuous  run  lifetime  is  now  largely  limited  by 
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Fig.  2.  NRL’s  electron-beam-pumped  Electra  KrF  laser  system.  The  laser 
output  window  is  between  the  two  black  magnet  coils  in  the  center  of  the 
photograph.  The  arrow  shows  the  laser  path.  The  magnets  guide  the  electron 
beams  into  the  laser  gas.  The  pulsed-power  systems  for  the  electron  beams 
consist  of  the  blue  pulse-forming  lines  and  the  attendant  white  tanks  that  flank 
the  laser  cell. 

erosion  of  the  spark-gap-based  pulsed  power  that  drives  the 
electron  beams.  An  all-solid-state  pulsed-power  system  has 
been  built  using  components  that  have  demonstrated  lifetimes 
in  excess  of  300000000  shots.  This  integrated  180-kV 
demonstrator  module  has  run  continuously  at  10  Hz  for  over 
11500000  shots  (>  13  days)  and  will  become  the  basis  for 
a  system  to  be  deployed  on  Electra.  More  details  on  Electra 
technology  and  its  performance  can  be  found  in  [16]— [18].  A 
photograph  of  Electra  appears  in  Fig.  2. 

The  Mercury  DPPSL  has  produced  greater  than  50  J  of 
laser  light  (1051  nm)  for  over  300000  shots  in  a  series  of 
runs  of  0.5-2  h  at  a  repetition  rate  of  10  Hz.  The  overall 
efficiency  of  a  DPPSL-based  system  is  projected  to  be  10% 
(at  the  fundamental  wavelength).  Many  advanced  technologies 
have  been  developed  for  Mercury,  including  high-power  diode 
arrays,  forced  gas  cooling  of  the  laser  crystal,  high-power 
(200- W)  Pockels  cells,  adaptive  optics,  and  high-efficiency 
frequency  conversion  to  the  third  harmonic.  The  high-power 
diode  lifetime  has  been  demonstrated  to  be  over  140000000 
shots.  A  smaller  front  end  for  Mercury  that  uses  the  same 
diode/crystal  architecture  was  recently  completed  and  produces 
500  mJ.  It  has  run  for  well  over  10000000  shots  with  an  rms 
stability  of  0.78%.  A  photograph  of  the  Mercury  laser  appears 
in  Fig.  3.  Further  details  can  be  found  in  [19] -[21]. 

In  weighing  the  merits  of  these  two  approaches,  they  both 
warrant  continued  development.  KrF  has  significant  inherent 
physics  advantages  for  driving  high-gain  fusion-energy-class 
targets,  as  described  in  Section  II.  Thermal  management  is 
easier  on  account  of  the  gas  laser  medium.  Zooming  is  straight¬ 
forward  with  KrF  and  has  been  demonstrated  by  means  of  an 
optical  switchyard  that  progressively  routes  the  laser  through 
decreasing  apertures  [22].  The  switchyard  is  located  in  the  low- 
energy  front-end  laser  that  feeds  all  the  amplifiers.  However, 
when  viewing  fusion  energy  as  a  complete  system,  DPPSFs 
are  a  viable  choice  because  of  the  longer  wavelength,  which 
reduces  optics  damage  considerations,  the  potential  for  higher 
wall  plug  efficiency,  and  the  higher  durability  expected  from  an 
all- solid- state  system.  In  addition,  the  cost  of  DPPSFs  may  be 
reasonable  if  current  projections  hold  true  that  the  price  of  the 


Fig.  3.  Close-up  view  of  the  LLNL  Mercury  DPPSL.  In  the  foreground  is 
one  of  the  two  amplifiers.  The  diode  arrays  are  located  at  the  ends  of  the  two 
trapezoidal  light  guides.  The  amplifier  head,  including  the  crystal,  is  located  in 
the  white  cylinder  between  the  two  guides.  The  light  from  the  diodes  is  focused 
onto  the  crystal  from  both  sides. 


Fig.  4.  GIMM  concept. 

laser  diodes  (the  most  costly  components  in  the  system)  will 
drop  significantly  in  the  next  10-12  years. 

IV.  Final  Optics 

The  final  optics  transport  the  laser  beams  to  the  reaction 
chamber  center.  They  are  the  only  optics  to  see  the  direct 
emissions  from  the  target.  The  front-runner  final-optic  concept 
is  a  grazing  incidence  metal  mirror  (GIMM),  as  shown  in  Fig.  4. 

This  was  first  proposed  in  response  to  concerns  over  radiation 
damage  to  multilayer  dielectric  mirrors  [23].  The  decision  to 
develop  the  GIMM  is  based  on  its  potential  for  high  laser  dam¬ 
age  threshold,  its  ability  to  withstand  some  uniform  erosion, 
its  simplicity,  and  its  applicability  to  both  KrF  and  DPPSF 
wavelengths.  For  example,  the  reflectivity  at  normal  incidence 
is  about  93%  at  both  248-  and  351-nm  wavelengths  [24].  The 
GIMM  would  consist  of  an  aluminum-alloy  surface  bonded  to 
a  cooled  substrate  that  is  resistant  to  neutron  swelling  (e.g., 
aluminum,  AlBeMet,  or,  possibly,  SiC).  Operation  at  a  shallow 
angle  (^85°)  with  s-polarized  light  gives  higher  reflectance 
(>  99%),  hence  less  energy  absorbed  by  the  mirror.  It  also 
lowers  the  average  fluence  on  the  surface  due  to  the  larger  beam 
footprint. 

Experiments  were  conducted  to  determine  the  damage 
threshold  using  a  homogenized  KrF  laser:  700  mJ,  25  ns,  and 
100  Hz.  Damage  was  detected  with  a  high-speed  vision  system 
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Fig.  5.  Observed  laser  damage  threshold  for  various  A1  and  A1  alloy  mirrors. 
The  smaller  color  circles  represent  various  alloys  or  deposition  techniques.  The 
highest  performance  was  achieved  with  an  Al-5%  Cu  solid  solution  alloy,  as 
marked  by  the  large  filled  circle.  That  point  does  not  represent  a  damage  limit 
but  rather  marks  the  end  of  that  test. 


Fig.  7.  Final-optic  assembly  showing  the  GIMM,  the  two  dielectric  mirrors 
Ml  and  M2,  and  the  predicted  neutron  flux  on  optical  components.  The  plant 
“Lifetime”  is  assumed  to  be  30  years. 


Fig.  6.  Views  of  entry  points  on  a  sphere  for  40-beam  illumination. 
(Left)  View  from  the  top  of  the  sphere.  The  small  dotted  circles  correspond 
to  the  ports  on  the  lower  half.  (Right)  Side  view. 

that  images  scattered  light  under  the  footprint  of  the  main 
laser  that  results  from  both  the  laser  itself  and  a  HeNe  probe 
laser.  The  main  laser  is  allowed  to  fire  only  when  the  vision 
system  indicates  that  the  amount  of  scattered  light  is  below  an 
empirically  established  threshold.  The  reflectivity  of  the  mirror 
does  not  change  until  damage  is  detected.  As  shown  in  Fig.  5, 
this  type  of  mirror  can  resist  at  least  3.5  J/cm2  for  more  than 
10000000  shots  [25]. 

The  highest  laser  intensity  survived  to  date  was  achieved  with 
an  Al-5%  Cu  solid  solution  alloy.  Note  that  this  is  not  a  damage 
point  but  rather  the  highest  fluence  that  could  be  applied  with 
the  homogenized  beam. 

Based  on  the  previous  results,  we  have  designed  a  final- 
optic  train  that  can  meet  the  requirements  for  illumination  uni¬ 
formity,  adequate  tritium  breeding,  GIMM  damage  threshold, 
and  neutron  damage.  The  configuration  is  shown  in  Fig.  6. 
It  was  developed  for  the  “conventional  direct-drive”  target 
and  is  applicable  to  both  DPPSLs  and  KrF.  The  chamber  has 
40  beam  ports,  which  are  adequate  for  the  illumination  unifor¬ 
mity  required  by  the  target  physics  [26],  [27].  The  40  beam 
ports  are  arranged  in  six  azimuthal  tiers.  There  are  four  ports 
in  the  24°  tier  (with  0°  being  defined  as  the  pole)  and  eight 
ports  in  each  of  the  52°  and  79°  tiers.  Thus,  the  total  number 
of  ports  is  20  in  the  upper  hemisphere  and  20  in  the  lower 


hemisphere.  The  lower  sets  of  ports  are  offset  by  22.5°  from 
the  corresponding  upper  ones  so  as  to  avoid  any  beam  pointing 
into  an  opposing  beam,  which  carries  a  risk  of  optical  damage 
if  the  target  is  not  hit  squarely.  Note  that  the  poles  are  left  open 
for  target  injection/tracking,  and  the  equatorial  belt  is  left  open 
for  a  magnetic  intervention  dump,  as  discussed  in  Section  VI 
on  reaction  chambers.  Other  configurations  are  possible. 

The  GIMM  is  located  in  its  own  shielded  housing  at  a 
distance  of  24  m  from  the  target.  Each  GIMM  consists  of  50 
separate  elements,  or  GIMMlets,  with  dimensions  of  15  cm 
high  x  172  cm  wide,  and  arranged  in  a  2  x  27  array.  Thus, 
the  entire  GIMM  is  3.44  m  high  x  4.05  m  wide.  The  final-optic 
assembly  is  shown  in  Fig.  7,  which  also  shows  the  predicted 
neutron  flux  and  displacements  per  atom  (dpa)  for  the  power- 
plant  lifetime. 

The  neutron  flux  was  calculated  using  a  newly  developed  tool 
that  directly  couples  a  CAD-based  engineering  package  with 
a  neutronics  code  called  Direct  Accelerated  Geometry  MCNP 
[28].  This  allows  preservation  of  details  with  complex  surfaces 
without  a  need  for  geometry  simplification. 

The  simulation  shows  that  the  GIMM  scatters  a  signifi¬ 
cant  number  of  neutrons  onto  the  dielectric  mirrors  over  the 
30-year  projected  life  of  the  plant.  In  keeping  with  the  earlier 
concern  that  dielectrics  may  not  be  able  to  withstand  this  level 
of  neutron  fluence,  we  carried  out  a  series  of  tests  on  dielectric 
materials.  The  hypothesis  was  that  we  could  avoid  the  damage 
seen  in  previous  studies  if  we  matched  the  neutron-induced 
swelling  in  the  substrate  with  that  in  the  mirror  layers.  Three 
different  dielectric  stacks  (mirror  systems)  were  exposed  at 
prototypical  neutron  fluence  and  temperature  using  the  Oak 
Ridge  National  Laboratory  (ORNL)  HFIR. 

After  exposure,  the  samples  showed  no  visible  signs  of  sur¬ 
face  abrasion,  film  delamination,  cracking,  or  pitting.  They  did 
show  an  apparent  darkening  that  increased  with  increasing  neu¬ 
tron  dose.  Independent  of  this  darkening,  the  samples  showed 
virtually  no  change  in  reflectivity:  The  reflectivity  results  for 
one  of  the  samples  (A^Os/SK^)  are  shown  in  Fig.  8  [29]: 
While  the  peak  wavelength  has  shifted  slightly,  which  is  to 
be  expected  as  the  layers  compact  slightly  under  irradiation, 
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Fig.  8.  Reflectivity  of  (AI2O3 /SiC>2 )  dielectric  mirror  stack  after  exposure  to 
neutrons  from  the  ORNL  HFIR. 


DT  Vapor  2.375  mm 
,  radius 

Fig.  9.  (Left)  Buildup  of  a  high-gain  target.  The  dimensions  and  aspect 
ratio  vary  for  the  various  target  designs,  but  the  constituents  are  the  same. 
(Right)  Image  of  a  foam  shell  in  an  index-matching  solution. 

there  is  virtually  no  change  in  reflectivity,  even  at  0.1  dpa,  or 
roughly  five  times  the  predicted  service  life  of  the  mirror.  These 
samples  were  also  tested  for  laser  damage  threshold.  Within  the 
error  of  measurement,  no  change  in  laser  damage  threshold  was 
detected,  even  at  0.1  dpa  [30]. 

V.  Target  Fabrication 

The  buildup  of  all  the  high-gain  direct-drive  targets  described 
in  Section  1  is  shown  in  the  left-hand  side  of  Fig.  9.  The  right- 
hand  side  shows  an  image  of  a  4-mm-diameter  divinylbenzene 
(DVB)  foam  shell  in  an  index-matching  solution.  Such  a  shell 
would  form  the  second  layer  in  the  target. 

Recent  progress  toward  fabricating  these  targets  include  the 
following. 

1)  A  method  to  apply  an  Au-Pd  alloy  coating  on  the  target. 
This  coating  serves  three  functions:  It  helps  the  target 
physics  as  it  provides  a  soft  X-ray  drive  during  the  begin¬ 
ning  of  the  pulse  [31],  it  allows  fast  DT  permeation  times, 
and  it  provides  a  reflective  IR  layer  that  helps  prevent 
the  cryogenic  target  from  warming  above  melting  as  it 
traverses  the  hot  chamber. 

2)  Mass  production  of  both  divinylbenzene  and  resorcinol 
formaldehyde  foam  shells  that  meet  the  target  specifica¬ 


Non  Concentricity  (%) 

Fig.  10.  Improvement  in  yield  of  shells  that  meet  NC  specifications.  The 
triangles  correspond  to  the  earliest  attempts  at  DVB  shells,  the  squares  to 
the  best  results  with  resorcinol-formaldehyde  shells,  and  the  circles  with  the 
newest  formulation  of  DVB  shells. 

tions  for  diameter,  density,  sphericity,  and  nonconcentric¬ 
ity  (NC).  These  are  made  in  a  droplet  generator  that  can 
produce  up  to  22  shells/min  and  can  control  the  diameter 
to  within  1%  [32]. 

3)  A  cost  estimate  of  $0.16  each  for  mass  production  and 
injection  of  these  targets  [33].  This  analysis  was  based  on 
a  chemical  engineering  analysis  of  all  the  process  steps 
and  assuming  a  commercial  process  plant  environment. 
This  is  under  the  $0.25  cost  requirement  cited  by  the 
Sombrero  study  [1]. 

4)  Demonstration  that  ultrasmooth  DT  ice  layers  can  be 
grown  over  a  foam  underlay  and  that  these  ice  layers 
remain  sufficiently  smooth  at  temperatures  as  low  as  16  K 
[34].  This  aids  target  survival  during  injection  into  the 
chamber.  The  target  can  be  injected  at  a  colder  tempera¬ 
ture  and  allowed  to  warm  up  without  either  compromising 
the  layer  smoothness,  or  exceeding  the  DT  melting  point 
of  19.3  K. 

5)  Fabrication  of  a  fluidized  bed  to  demonstrate  an 
ultrasmooth  DT  ice  surface  (cryolayering)  on  a  mass 
production  basis  [35].  Smoothing  has  been  successfully 
demonstrated  with  a  room-temperature  surrogate  and 
will  now  be  extended  to  cryogenic  targets.  The  work  is 
supported  by  an  extensive  modeling  effort  [36]. 

The  two  major  remaining  tasks,  in  addition  to  the  develop¬ 
ment  of  mass  production  cryogenic  layering,  are  to  develop  a 
technique  to  apply  a  thin  overcoat  to  the  foams  (to  provide  a 
seal  coat  for  the  DT)  and  to  improve  the  yield  of  the  foam  shells 
that  meet  NC  specifications. 

We  have  already  demonstrated  that  an  overcoat  can  be  ap¬ 
plied  to  a  foam  shell  by  either  interfacial  polymerization,  glow 
discharge  polymerization,  or  a  combination  of  these.  The  issue 
is  that  current  coatings  need  to  be  10-15  fim  thick  to  have  the 
needed  high  integrity,  whereas  the  target  physics  calls  for  only 
1-2  fi m.  One  promising  approach  has  been  the  application  of 
a  thin  solid  coat  on  both  DVB  and  RF  foam  shells  during  the 
gelation  phase  [37],  [38]. 

The  mass-produced  foam  shells  tend  to  meet  all  the  speci¬ 
fications  except  NC.  The  NC  specification,  which  can  also  be 
viewed  as  a  variation  in  wall  thickness,  is  less  than  3%  and 
preferably  less  than  1%,  depending  on  how  robust  a  target  de¬ 
sign  is  needed.  Fig.  10  shows  that  the  yield  has  been  increasing 
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Fig.  11.  Schematic  of  the  “glint”  system  to  perform  the  final  mirror  steering 
to  engage  the  target.  The  inset  shows  a  photograph  of  the  glint  off  the  target. 

from  virtually  zero  to  over  60%  as  new  foam  chemistries  and 
protocols  are  being  developed  [39]. 

Another  approach  to  fabricating  foam  shells  is  the  use  of 
microfluidics  and  electrophorisis  to  manipulate  and  form  the 
foam  into  shells  while  still  in  its  liquid  phase  [40],  [41]. 

VI.  Target  Engagement 

At  first  glance,  precisely  illuminating  a  pea-sized  cryogenic 
target  that  is  injected  into  the  center  of  a  10-22-m-diameter 
reaction  chamber  would  seem  to  be  a  rather  daunting  task. 
Particularly  considering  that  the  required  illumination  precision 
is  20  /im  (rms  between  the  centerline  of  laser  beamlets  to 
the  centerline  of  the  target).  However,  we  have  developed  a 
concept  and  performed  a  successful  proof-of-principle  bench 
test  to  show  that  it  is  feasible  [42].  The  concept  is  based  on  a 
four-stage  process.  The  first  stage  employs  optical  sensors  that 
precisely  determine  the  target’s  diameter  and  launch  velocity. 
The  second  stage,  encompassing  most  of  the  target’s  trajectory, 
employs  a  separate  optical  sensor  that  continuously  monitors 
lateral  deviations  of  the  target’s  trajectory.  In  the  third  stage, 
immediately  prior  to  arrival  at  the  chamber  center,  the  target 
is  illuminated  by  a  short-pulse  low-intensity  “glint”  laser.  The 
glint  returns  utilize  the  same  optics  as  each  beamlet,  except  that 
the  glint  passes  through  a  monolithic  wedge  dichroic  mirror. 
This  compensates  for  the  target  motion  after  the  glint  and  the 
offset  between  the  glint  position  and  the  target  center.  In  the 
fourth  stage,  the  fast- steering  mirrors  in  the  drive  laser  beam 
lines  aim  each  drive  beamlet  to  the  position  of  the  glint  return. 
The  beamlets  then  reflect  off  the  front  surface  of  the  wedge  to 
engage  the  target.  A  drawing  of  this  fourth  stage  is  shown  in 
Fig.  11. 

We  have  demonstrated  each  stage  of  this  process  using  a 
surrogate  target  (4-mm  stainless-steel  BB)  falling  at  5  m/s 
under  vacuum  [43].  Optical  measurements  made  with  a  pair  of 
crossing  sensors  predict  the  time  the  target  will  arrive  within 
the  ±l-mm  field  of  view  assigned  to  the  glint  sensor.  If  the 
target  cannot  be  regularly  placed  within  the  1-mm  field  of  view, 
lateral  excursions  during  its  trajectory  can  be  monitored  and  the 
field  of  view  can  be  adjusted  accordingly.  These  excursions  are 
monitored  by  a  Poisson  spot  tracking  system  in  which  an  axial 
laser  beam  creates  a  bright  diffraction  spot  at  the  precise  center 


of  the  target’s  shadow.  (The  measured  precision  relative  to  a 
4-mm  target  at  the  center  of  a  simulated  14-m  chamber  is  4  fim 
and  updated  every  3  ms.)  Thus,  these  position  measurements 
allow  the  fast-steering  mirror  to  apply  most  of  its  angular 
correction  during  a  period  in  excess  of  100  ms  rather  than  the 
few  milliseconds  it  takes  for  the  target  to  reach  the  chamber 
center  after  being  illuminated  by  the  glint  system  (1-2  ms  in 
a  full-size  IFE  chamber).  The  precision  with  which  the  glint 
offset  can  be  measured  with  its  camera  sensor  is  4  fi m. 

Our  target  engagement  verification  technique  utilizes  a  sim¬ 
ulated  driver  beam  diameter  that  is  larger  than  the  target  and 
produces  a  sharply  focused  halo  around  the  target’s  shadow. 
A  camera  is  used  together  with  an  edge-finding  algorithm  to 
measure  the  centroid  separation  between  the  inner  and  outer 
boundaries  of  the  halo.  The  measured  verification  error  for  a 
fixed  target  is  4  fim.  Currently,  the  engagement  accuracy  for 
moving  targets  is  34  /im  rms.  We  anticipate  with  further  im¬ 
provements  (e.g.,  reducing  the  electrical  noise  associated  with 
the  steering  mirrors)  that  the  total  error  in  our  demonstration 
will  be  less  than  the  20- fim  requirement. 

Most  of  the  remaining  error  is  from  sources  that  are  expected 
to  scale  well  to  the  increased  distances  required  for  IFE.  The 
effect  of  fast- steering  mirror  electrical  noise  beam  position  is 
proportional  to  the  maximum  absolute  distance  through  which 
the  beam  must  be  steered  (±1-2  mm  in  our  experiment  and 
in  a  power  plant).  For  the  “glint”  position  measurements,  the 
precision  in  sensor  space  is  simply  a  function  of  the  intervening 
optical  magnification  (assuming  insignificant  gas  density  vari¬ 
ations  and  no  high-frequency  vibrations  of  the  optics),  which 
can  be  preserved  in  a  full-scale  system. 

The  system  has  been  designed  assuming  an  injection 
velocity  of  50  m/s.  Higher  injection  velocity  will  obviously 
require  faster  position  measurements  and  more  rapid  mirror 
positioning. 

VII.  Reaction  Chamber 

The  reaction  chamber  is  one  of  the  most  challenging  aspects 
in  developing  any  practical  fusion  power  plant.  It  is  no  different 
for  laser  fusion.  The  first  wall  (FW)  of  the  reaction  chamber 
must  withstand  the  steady  pulses  of  X-rays,  ions,  and  neutrons 
from  the  target,  must  allow  high-efficiency  transport  of  the 
deposited  energy  to  the  electrical  generator,  and  must  allow 
sufficient  neutron  transport  to  the  tritium  breeding  blanket. 
One  advantage  that  IFE  has  over  an  MFE  system  is  that  the 
emissions  emanate  from  a  point  source  away  from  the  wall,  so 
one  can  exploit  1/r2  scaling  to  reduce  the  wall  loading.  On  the 
other  hand,  one  disadvantage  that  IFE  has  over  MFE  is  that  the 
emissions  are  pulsed,  so  the  instantaneous  thermal  loading  can 
be  several  orders  of  magnitude  higher. 

In  designing  the  chamber  FW,  it  is  necessary  to  calculate 
first  the  emission  or  “threat”  spectrum  from  the  target.  Table  I 
gives  the  energy  accounting,  100  ns  after  bum,  of  all  the 
constituents  of  a  high-gain  conventional  direct-drive  target.  In 
this  case,  approximately  1.3%  of  the  energy  is  released  in 
X-rays  (surface  deposition,  <  1  /im),  24%  in  ions  (subsurface 
deposition,  <  5  /im),  and  the  remainder  in  neutrons  (volumetric 
deposition)  [44].  This  ratio  is  representative  of  all  direct-drive 
target  designs. 
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TABLE  I 

Energy  Accounting  From  a  High-gain  Target  (Laser  Energy  of  2.46  MJ  and  Gain  of  150) 


Thermal  Debris 

Burn  and  Nuclear 

Total 

(j) 

Products  (J) 

(j) 

X-rays 

- 

- 

4.937e6 

Gammas 

- 

1.680e4 

1.680e4 

Neutrons 

- 

2.743e8 

2.743e8 

Protons 

6.255e5 

1.137e6 

1.763e6 

Deuterons 

1.166e7 

1.006e7 

2.1724e7 

Tritons 

1.733e7 

9.166e6 

2.650e7 

3He 

3.171e4 

4.607e4 

7.777e4 

4He 

3.55 6e6 

2.673e7 

3.028e7 

12C 

6.879e6 

8.834e2 

6.880e6 

13C 

8.366e4 

1.141el 

8.367e4 

Pd 

1.844e5 

<1 

1.844e5 

Au 

3.607e5 

<1 

3.607e5 

Pt 

<1 

<1 

<1 

4.071e7 

3.214e8 

3.671e8 

1019 
1018 
1017 
1016 

Number  io15 

of  io14 
ions  /  keV 

io13 
io12 
io11 
io10 
io9 

io4  io5  io6  io7  io8 

Ion  Kinetic  Energy  (eV) 


time  (jLisec) 


Fig.  12.  Threat  spectra  from  the  conventional  direct  drive  shown  in  Table  I. 

Fig.  12  shows  the  ion  and  neutron  spectra  from  the  target. 
Pd  and  Au  are  in  a  thin  layer  to  help  the  target  performance,  as 
described  in  Section  V. 

The  two  physical  processes  of  greatest  concern  are  cyclic 
thermal  loading  and  helium  retention.  Both  of  these  can 
severely  degrade  the  thermomechanical  properties  of  the  FW 
material.  As  in  any  fusion  reactor,  neutron  damage  is  also  a 
consideration  and  needs  to  be  addressed.  However,  that  is  on  a 
much  longer  damage  cycle  than  the  phenomena  discussed  here. 

Cyclic  thermal  loading  leads  to  stress-driven  crack  growth 
in  the  FW.  Fig.  13  shows  the  temperature  history  of  the  wall 
as  a  function  of  depth  [45].  This  is  for  a  target  yield  of 
154  MJ,  a  tungsten-armored  FW  at  a  radius  of  6.5  m,  and  an 
initial  wall  temperature  of  600  °C.  Note  that  the  temperature 
is  highest  within  the  first  few  micrometers.  This  is  a  direct 
consequence  of  the  short  penetration  depth  of  the  ions,  their 
relatively  short  pulsewidth,  and  the  fact  that  the  ions  carry  a 
relatively  high  fraction  of  the  reaction  energy.  The  key  concern 
with  respect  to  these  temperature  histories  is  cracking  in  tung¬ 
sten,  although  as  discussed  below  this  appears  to  be  manage¬ 
able  [46]. 

Helium  retention  is  the  more  insidious  problem.  Because 
the  helium  migration  distance  is  much  shorter  (50-100  nm) 
compared  to  the  implantation  distance  (2-5  //m),  helium  tends 
to  coalesce  into  bubbles  and  at  grain  boundaries.  The  resulting 


Fig.  13.  Representative  temperature  history  of  the  FW  as  a  function  of  depth 
from  the  surface.  This  is  for  a  tungsten-armored  FW,  at  a  radius  of  6.5-m  fusion 
yield  of  154  MJ,  and  no  gas  inside  the  chamber.  The  details  of  the  curves 
will  differ  as  the  target  yield  and/or  chamber  radius  is  changed,  but  the  basic 
behavior  is  the  same. 

buildup  in  helium  pressure  exfoliates  the  surface.  This  is  a  well- 
known  phenomenon  [47]. 

Table  II  shows  the  five  chamber  concepts  that  were  explored 
to  alleviate  the  effects  of  cyclic  stress  and  helium  retention. 
“Laser/target  issues”  refers  to  laser  propagation,  accurate  target 
placement,  target  warm-up  during  injection,  and  target  injection 
velocity. 

Having  a  vacuum  in  the  chamber  is  attractive  because 
simulations  show  that  there  are  no  issues  with  either  target 
injection/survival  [45]  or  laser  propagation.  Because  of  that, 
efforts  were  concentrated  on  the  first  two  approaches.  These 
will  be  discussed  in  this  paper.  Replaceable  walls  [48]  were 
also  considered,  albeit  less  vigorously.  Refer  to  the  literature  for 
work  on  issues  for  gas-filled  chambers  such  as  target  survival, 
[45]  chamber  recovery,  [49],  and  laser  propagation  [50].  A  sum¬ 
mary  of  these  chamber  concepts  is  provided  in  the  literature  [51]. 

For  solid- wall  chambers,  our  choice  for  the  FW  is  a  thin 
(~l-mm)  tungsten  armor  bonded  to  a  low-activation  ferritic 
steel  substrate.  This  segregates  the  armor  and  structural  func¬ 
tions.  The  tungsten  was  chosen  to  be  thick  enough  to  smooth 
the  cyclic  thermal  stresses  at  the  tungsten/steel  interface,  yet 
thin  enough  to  ensure  adequate  heat  removal  before  the  next 
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TABLE  II 

Reaction  Chamber  Concepts 


Concept 

(wall/chamber) 

Advantages 

Challenges 

1 

Solid  wall/vacuum 

Simplest 

Easier  laser/target  issues 

Materials 

2 

Magnetic 

Intervention/vacuum 

Smallest  chamber 

Eliminates  FW  thermal  load 
Eliminates  He  retention 

Minimal  laser/target  issues 

Ion  dumps 

3 

Replaceable  solid 
wall/vacuum 

Easier  laser/target  issues 

Operational  complexity 

4 

Solid  wall/gas  in 
chamber 

Smaller  chamber 

Laser  /  target  issues 

Chamber  Recovery  (hot 
gas  and  residual  plasma) 

5 

Thick  liquid  walls 

No  materials  issues  (including 
neutronics) 

Chamber  Recovery 

Droplet  formation 

Difficult  to  modify 

pulse.  We  have  deployed  a  number  of  facilities  to  mimic  the 
threats  onto  this  FW.  The  RHEPP  facility  at  Sandia  National 
Laboratories  provides  a  source  of  repetitively  pulsed  high- 
energy  ions  [52].  A  high-intensity  infrared  lamp  at  ORNL 
[53]  mimics  the  cycle  heat  loading  at  the  interface,  and  the 
Dragonfire  laser  facility  at  UCSD  is  used  to  precisely  study  the 
evolution  of  long-term  cyclic  heating  of  the  armor  [54].  These 
experiments  are  supported  with  the  Unified  Materials  Response 
Code  that  is  under  development  at  UCLA  and  the  University  of 
Wisconsin  [46],  [55].  The  objective  is  to  develop  a  single  tool 
to  simulate  all  the  relevant  physics  of  the  interaction  between 
target  emissions  and  the  FW,  including  deposition,  thermal 
stress,  mechanical  stress,  helium  migration,  thermal  transport, 
and  long-term  behavior. 

The  experiments  for  looking  at  cyclic  thermal  stress  suggest 
an  upper  limit  on  the  tungsten  armor  of  2400  °C.  Below  that, 
there  is  little  evidence  of  long-term  mass  loss.  Tungsten  does 
exhibit  some  cracking,  but  the  modeling  suggests  that  these 
cracks  relieve  the  localized  mechanical  stress  and  they  should 
not  propagate  through  to  the  substrate  [46].  The  experiments 
also  show  no  long-term  damage  at  the  tungsten/steel  interface. 
The  2400-°  C  limit  can  be  met  with  the  conventional  target  in  an 
evacuated  chamber  with  a  radius  of  1 1  m. 

Helium  retention  was  studied  with  a  series  of  exposure 
experiments  on  the  IEC  electrostatic  trap  [56]  at  the  University 
of  Wisconsin.  This  produces  full-power  year  (FPY)  levels  of 
helium  fluence,  but  their  energy  represents  only  the  lowest  5% 
of  the  prototypical  helium  energy  spectrum.  The  experiments 
confirm  that  helium  retention  is  a  problem.  The  material  quickly 
exfoliates  and  loses  mass  within  the  equivalent  of  a  few  days  of 
full-power  operation  [57].  These  results  have  been  successfully 
modeled  by  UCLA  [58].  However,  newer  research  suggests  two 
means  to  mitigate,  if  not  downright  prevent,  helium  exfoliation. 
One  is  based  on  the  unique  nature  of  helium  implantation  in 
an  IFE  system,  and  the  other  is  the  use  of  “nanoengineered” 
tungsten  armor. 

In  an  IFE  system,  helium  is  implanted  in  a  short  pulse  into 
a  wall  that  is  rapidly  heated.  The  wall  then  cools  before  the 
next  shot.  Given  the  relative  immobility  of  helium  clusters  com¬ 
pared  to  monoatomic  helium,  the  issue  of  studying  prototypical 


Number  of  Steps 

Fig.  14.  Retained  helium  for  different  implantation  histories. 

implantation/anneal  conditions  may  affect  the  relative  retention 
of  helium.  The  hypothesis  was  supported  by  simulations  from 
UCLA  [59]  and  a  series  of  experiments  at  UNC  Chapel  Hill. 
[60].  In  these  experiments,  a  Van  de  graff  Generator  and  ro¬ 
tating  energy-degrader  wheel  generated  helium  ions  with  the 
prototypical  target  spectrum.  Fig.  14  shows  the  amount  of 
helium  retained  (as  measured  by  the  recoil  proton  spectrum) 
for  three  different  implantation  conditions  into  single-crystal 
tungsten.  The  implantation  temperature  was  fixed  at  850  °C, 
and  the  helium  dose  was  fixed  at  1015  He/cm2  (an  FPY  is 
about  1020  He/cm2).  The  dose  was  deposited  in  1,  10,  100,  and 
1000  steps  (1500  steps  would  be  prototypical  for  this  dose  in  a 
power  plant).  After  each  step,  the  sample  was  flash  annealed  to 
2500  °C.  The  retained  helium  was  measured  with  proton  recoil 
spectroscopy. 

The  trend  is  to  retain  less  helium  wherein  the  number  of  steps 
is  greater,  which  approaches  the  IFE  prototypical  implantation 
per  pulse.  However,  other  aspects  are  not  prototypical:  the 
time  scales  for  implantation  and  subsequent  heating  are  a  few 
seconds  long,  the  total  fluence  is  only  a  small  fraction  of  an 
FPY,  and  it  is  not  practical  to  build  an  FW  out  of  single-crystal 
tungsten.  Nevertheless,  the  experiments  suggest  a  potential 
method  to  deal  with  helium  retention. 

An  additional  and  possibly  more  effective  approach  is  to  use 
a  “nanoengineered”  tungsten  armor.  The  armor  is  made  from 
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TABLE  III 

Fraction  of  Retained  Helium  for  Various  Tungsten  Morphologies.  1016  He/cm2  Total  Dose,  100-Step,  and  500-Step  Implantations 


Dose 

steps 

Single  Crystal 
Tungsten 

“Large  Grain  Size” 
Poly  Crystalline 
Tungsten 
(10-15  microns) 

“Small  Grain  Size” 
Poly  Crystalline 
Tungsten  (0.5  -  3 
microns) 

Nano 

Engineered 
tungsten 
(400-500  nm 
scale  length) 

100 

74% 

84% 

63% 

26% 

500 

N/A 

81% 

51% 

15% 

porous  tungsten  whose  scale  length  is  less  than  the  helium 
migration  distance  (typically  50-100  nm).  With  this  approach, 
the  helium  ions  are  slowed  by  the  integrated  mass  of  tungsten 
in  their  path,  but  wherever  they  finally  come  to  rest,  they  are 
always  close  to  the  tungsten  surface.  Engineered  structures  have 
the  added  advantage  of  being  more  resistive  to  thermal  cycling 
fatigue  as  tungsten  can  expand  without  restriction.  Modeling 
supports  this  concept  and  also  shows  that  thermal  conduction 
to  the  substrate  will  not  be  an  issue  [61]. 

A  series  of  experiments  was  performed  with  samples  con¬ 
sisting  of  a  solid  tungsten  undercoat  and  a  porous  tungsten 
topcoat.  The  porous  tungsten  was  fabricated  with  a  vacuum 
plasma  spray  process  using  100-nm-size  feedstock  [62].  The 
first  material  produced  had  a  scale  length  of  500  nm,  which 
was  larger  than  desired.  Nevertheless,  the  implantation  results 
showed  evidence  of  lower  helium  implantation.  The  results  are 
shown  in  Table  III,  which  shows  the  percentage  of  retained 
helium  for  four  different  tungsten  morphologies  and  a  100-step 
anneal  cycle  [63],  [64].  In  this  case,  the  total  dose  was 
1016  He/cm2,  which  represents  about  2  h  of  full-power  oper¬ 
ation.  The  retained  helium  was  measured  with  proton  recoil 
spectroscopy.  The  implanted  helium  was  calculated  from  the 
measured  accelerator  current  density  and  exposure  time. 

The  data  show  that  less  helium  is  retained  in  tungsten  with 
smaller  grain  size  (or  scale  length).  Postimplantation  metrol¬ 
ogy  corroborates  this  trend:  Polycrystalline  large-grain  tung¬ 
sten  exhibits  blistering  at  2  x  1015  He/cm2  and  exfoliation  at 
1016  He/cm2.  In  contrast,  nanoengineered  tungsten  exhibits  no 
surface  changes  at  5  x  1015  He/cm2.  The  data  in  Table  III  also 
agree  with  the  observation  that  less  helium  is  retained  with 
a  larger  number  of  implantation  steps.  Based  on  this,  porous 
tungsten  with  scale  sizes  that  are  less  than  the  100-nm  helium 
migration  distance  is  expected  to  retain  even  less  helium. 

Further  indications  that  nanoengineered  tungsten  may  be 
the  right  approach  were  the  results  of  recent  helium  implan¬ 
tation  experiments  with  the  University  of  Wisconsin  electro¬ 
static  trap.  Recall  that  this  facility  produces  helium  fluences 
that  can  exceed  an  FPY,  but  that  the  helium  energy  is  only 
30  keV  and  thus  represents  only  the  lower  5%  of  the  spectrum. 
Fig.  15  shows  the  mass  loss  rate,  as  a  function  of  helium 
implantation  fluence,  for  the  nanoengineered-tungsten-armored 
samples  described  earlier  [65].  The  fluence  is  also  given  as 
equivalent  full-power  days,  assuming  an  11-m-radius  chamber 
and  the  conventional  direct-drive  target.  The  loss  rate  is  rapid 
at  first  but  slows  considerably  within  the  equivalent  of  50  days. 
One  interpretation  is  that  the  material  is  “adjusting”  to  a  more 
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Fig.  15.  Mass  loss  rate  for  the  nanoengineered  tungsten  exposed  to  helium 
ions  at  prototypical  fluences,  and  the  lower  5%  of  the  prototypical  spectrum. 
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Fig.  16.  Concept  of  magnetic  intervention. 


stable  configuration.  Another  is  that  the  early  rapid  loss  may  be 
due  to  other  phenomena  that  are  endemic  to  the  system.  That 
is  being  addressed.  Nevertheless,  the  total  material  loss  over 
the  equivalent  of  450  days  of  operation  is  only  1  fim  of  solid 
material. 

Another  consideration  for  the  nanoengineered  material  is 
robustness  to  thermal  cycling.  A  preliminary  set  of  exposures 
on  the  Dragonfire  laser  facility  show  no  detectable  mass  loss  for 
up  to  105  cycles  if  the  peak  temperature  is  kept  below  2200  °C 
[66].  The  material  thermal  response  evolves  during  the  first 
10-20  min  of  exposure,  which  requires  further  study  before 
definitive  statements  can  be  made.  In  light  of  these  studies, 
nanoengineered  tungsten,  particularly  if  it  can  be  made  to  the 
required  50-100-nm  scale  length,  may  lead  to  a  solution  for 
the  FW. 
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It  is  entirely  possible  that  a  solid  wall  can  never  be  made 
to  withstand  the  direct  emissions  from  the  target.  Although 
its  simplicity  warrants  further  exploration,  prudence  suggests 
adding  other  options.  One  appealing  approach  is  based  on  mag¬ 
netic  intervention  [67].  In  this  approach,  a  cusp  magnetic  field 
is  imposed  on  the  chamber  and  directs  the  ions  through  poloidal 
holes  and  an  external  belt.  The  ion  energy  is  then  absorbed  in 
external  dumps,  thus  isolating  the  energy  absorption  from  the 
chamber.  This  process  is  shown  schematically  in  Fig.  16. 

The  ions  do  not  hit  the  chamber  wall  because  their  canonical 
angular  momentum  must  be  conserved.  The  ions  are  born  at  the 
chamber  center,  where  the  magnetic  field  and  the  radius  of  the 
ions  are  zero.  Hence,  their  canonical  angular  momentum  (Pq  = 
mrug  +  ( q/c)rAo )  is  also  zero  (here,  r  is  the  radius  of  the  ion, 
m  is  the  ion  mass,  q  =  Ze  is  its  charge,  uq  is  the  azimuthal 
component  of  velocity,  and  Aq  is  the  azimuthal  component  of 
vector  potential  which,  due  to  the  axial  symmetry,  is  the  only 
component  of  A).  The  canonical  angular  momentum  must  be 
conserved  in  the  absence  of  collisions,  which  is  the  case  here. 
As  the  magnetic  field  in  a  cusp  arrangement  increases  with 
distance  from  the  chamber  center,  the  ions  are  confined  to  a 
region  defined  by  \Aq\  <  A*,  where  A*  =  muc/q.  As  a  result, 
the  ions  will  never  cross  the  field  lines  to  hit  the  wall,  and  will 
leak  out  the  poles  and  equatorial  belt  of  the  cusp. 

Magnetic  intervention  has  the  following  advantages. 

1)  The  chamber  radius  can  be  much  smaller  and  the  choice 
of  FW  materials  can  be  expanded  because  the  wall  only 
needs  to  absorb  the  energy  of  the  X-rays,  which  carry 
just  1%  of  the  reaction  energy.  As  an  example,  consider 
a  chamber  of  5-m  radius.  If  the  FW  is  made  of  SiC 
(which  has  less  X-ray  stopping  power  and,  hence,  lower 
volumetric  deposition),  the  surface  temperature  would 
increase  by  only  about  130  °C. 

2)  A  smaller  chamber  requires  shorter  distance  for  the  in¬ 
jected  target  and,  hence,  a  lower  injection  velocity.  A 
5-m-radius  chamber  requires  only  50  m/s  as  opposed 
to  over  100  m/s  for  an  11-m-radius  solid- wall  chamber. 
The  lower  velocity  can  readily  be  achieved  by  simple 
mechanical  or  magnetic  injectors.  Smaller  chambers  also 
require  less  placement  accuracy. 

3)  The  chamber  can  operate  in  vacuum,  which  facilitates 
chamber  recovery  for  the  next  shot,  assists  accurate  target 
placement  (the  most  accurate  target  engagement  bench 
tests  were  obtained  with  an  evacuated  system),  and  re¬ 
duces  target  injection  warm-up  as  the  only  heat  load  is 
radiation  from  the  chamber  wall. 

The  concept  and  key  physics  of  magnetic  intervention  were 
demonstrated  in  a  1979  experiment  at  NRL,  in  which  a  pure 
deuterium  plasma  was  formed  in  the  center  of  the  cusp  geom¬ 
etry  and  allowed  to  leak  out  through  the  magnetic  cusp  [68]. 
The  plasma  was  formed  by  dropping  a  deuterium  pellet  into  the 
chamber,  disassociating  it  with  a  CO2  laser,  and  then  ionizing 
it  with  an  ND  glass  laser.  This  was  arguably  the  first  IFE 
experiment.  The  plasma  showed  no  sign  of  instability  and, 
based  on  magnetic  probes,  laser  scattering,  and  witness  plate 
measurements,  was  observed  to  exit  the  chamber  through  the 
cusps  in  a  consistent  well-defined  pattern.  Recent  simulations 
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have  successfully  modeled  the  motion  of  the  plasma  [69].  The 
codes  used  in  those  simulations  are  now  being  used  to  develop 
a  magnetic-intervention-based  chamber. 

The  challenge  with  magnetic  intervention  is  dumping  the 
ions.  Even  though  the  cusp  magnetic  field  spreads  the  ions 
out  in  time,  unless  they  are  expanded  onto  an  unrealistically 
large  area,  i.e.,  comparable  to  that  of  the  chamber,  the  power 
per  unit  area  incident  on  any  surface  is  large.  Thus,  any  solid 
surface  would  be  quickly  ionized,  making  recovery  for  the  next 
shot  problematic  (we  make  the  assumption  that  none  of  the 
dump  material  should  be  allowed  back  in  the  main  chamber). 
Moreover,  several  species  of  ions  are  emitted,  and  none  has  a 
well-behaved  energy  distribution.  For  example,  the  hydrogen 
ions  carry  only  19%  of  the  total  energy,  but  their  longer  range 
requires  almost  ten  times  as  much  mass  to  be  stopped.  These 
considerations  lead  to  situating  the  dump  outside  the  chamber 
and  absorbing  the  energy  in  a  volume  rather  than  a  surface. 
This,  in  turn,  implies  an  external  cavity  filled  with  vapor  or  mist. 
We  have  evaluated  a  number  of  configurations  [70].  The  most 
promising  one  uses  additional  coils  to  divert  the  ions  that  escape 
from  the  toroidal  belt  downward  into  an  external  dump  region 
that  is  filled  with  gallium  mist.  The  ions  that  exit  the  poles  of 
the  cusp  are  absorbed  in  tubes  filled  with  the  same  gallium 
mist.  The  coils  are  configured  so  that  the  escaping  plasma  is 
outside  the  beam  ports  shown  in  Fig.  6.  Energy  absorption  is  a 
two-stage  process.  Some  of  the  gallium  absorbs  the  ion  energy 
and  is  ionized  and/or  vaporized.  The  bulk  of  the  gallium  then 
cools  the  ions  and  vapor.  The  amount  of  gallium  in  the  system  is 
chosen  so  that  the  average  temperature  rise  is  less  than  300  °C. 
Gallium  is  chosen  because  it  is  a  liquid  at  slightly  above  room 
temperature,  which  alleviates  start-up  problems,  and  because  it 
has  very  low  vapor  pressure  (10-6  torr  at  720  °C).  The  latter 
means  that  it  will  not  interfere  with  laser  propagation,  target 
injection,  target  warm-up,  or  chamber  recovery. 

One  consideration  with  magnetic  intervention  is  that  the 
polar  field  coils  shown  in  Fig.  16  need  to  produce  about  16  T  on 
axis  in  order  to  minimize  the  ions  that  emanate  from  the  poles. 
While  these  are  relatively  simple  small-bore  (10-cm)  solenoidal 
coils  and  are  within  the  state  of  the  art  [71],  they  are  not  routine 
items.  The  main  coils  are  on  the  order  of  0.75  T  and  are  well 
within  routine  capabilities. 

VIII.  Auxiliary  Systems 

In  addition  to  the  key  components  listed  previously,  we  have 
also  produced  conceptual  designs  for  the  other  systems  required 
for  a  power  plant.  We  have  several  blanket  designs  for  both 
magnetic  intervention  and  conventional  chambers  [72].  These 
designs  use  either  liquid  FLIBE  or  PbLi  as  the  breeder  material 
and  include  the  power  conversion  cycle.  We  have  produced  a 
conceptual  design  for  a  system  to  handle  and  process  tritium, 
from  recovering  the  unburned  tritium  in  the  chamber  through 
reprocessing  and  purification  to  filling  a  new  target  [73],  [74]. 
We  have  generated  a  conceptual  design  for  the  vacuum  system 
that  uses  off-the-shelf  components,  costs  under  $20  million,  and 
keeps  the  vacuum  below  10-3  torr  [75].  We  have  generated 
engineering  concepts  for  the  core  of  a  laser  IFE  power  plant 
[76]  and  undertaken  a  study  to  determine  the  feasibility  of  using 
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this  approach  to  generate  hydrogen.  The  study  suggests  that  a 
Pb-17Li  blanket,  with  a  silicon  carbide  composite  (SiC//SiC) 
structure  operating  at  1000  °C,  could  have  more  than  50% 
efficiency  in  generating  hydrogen  [77],  [78].  The  study  assumes 
the  hybrid  sulfur  cycle  in  which  the  final  products  are  just 
hydrogen  and  oxygen.  We  have  also  generated  costing  models 
to  help  determine  the  economic  effects  of  reactor  size,  target 
gain,  laser  cost,  and  repetition  rate  [79],  [80]. 

IX.  Next  Step 

This  work  is  applicable  to  a  wide  range  of  approaches  to 
laser  fusion  energy.  One  approach  is  the  fusion-fission  hybrid 
system  in  which  a  lower  gain  fusion  target  is  surrounded  by  a 
fissile  blanket  to  produce  sufficient  gain  for  a  power  plant.  This 
is  based  on  an  extrapolation  of  present  indirect-drive  targets  and 
a  combination  of  NIF  and  Mercury  laser  technologies  [81].  An¬ 
other  approach  is  to  exploit  the  higher  gain  targets  afforded  by 
KrF  to  develop  a  pure-fusion  energy  system.  NRL  has  proposed 
a  three- stage  program  to  develop  a  laser  fusion  energy  power 
plant  based  on  this  approach  [17].  The  NRL  program,  based  on 
the  FTF  or  shock  ignition  targets  shown  in  Fig.  1,  would  use 
a  single  FTF  to  develop  the  physics,  technologies,  integration 
issues,  and  the  materials.  As  pointed  out  in  the  reference,  that 
path  could  lead  to  the  deployment  of  practical  fusion  power  in 
far  less  time  and  with  less  risk  than  that  in  other  approaches. 

X.  Conclusion 

This  paper  has  developed  much  of  the  scientific  and  tech¬ 
nical  bases  needed  for  a  power  plant  based  on  laser  fusion 
energy.  Credible  approaches  have  been  identified  and  are  under 
development  for  virtually  all  the  key  components,  including 
target  physics,  two  types  of  lasers,  final  optics,  target  fabrication 
and  engagement,  reaction  chambers,  and  auxiliary  components. 
Where  possible,  these  have  been  backed  with  experiments, 
bench  demonstrations,  and  simulations.  We  are  technically 
ready  to  take  the  next  step  to  develop  laser  fusion  energy. 
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